By taking into account of the Kondo effect, the spatial variation of the order parameter in superconductors containing a single magnetic impurity is discussed. We use the method of the double-time Green function used by Zuckermann, and Takano and Matayoshi, and follow the methods of Zittartz, Muller-Hartmann and Kondo to solve the equation for the t-matrix.
) and Kondo 7 ) have extended this method to superconductors. In all these works the order parameter has been assumed to be spatially constant throughout the crystal. Tsuzuki and Tsuneto 8 ) have discussed the spatial variation of the order parameter in superconductors containing a single magnetic impurity in the region r~~o, where ~0 is the coherence length at 0°K which is defined by Vp/nTco (vF: Fermi velocity and Teo: transition temperature). Their expression for the order parameter as a function of the distance from a single impurity lacks any mark of the behavior characteristic of the Ginzburg-Landau theory, proportional to r-1 for r~~0 • Recently, Heinrichs
In this paper the discussion of the spatial variation of the order parameter involving the Kondo effect will be made by using the method of double-time Green function as in the papers of Zuckermann 5 ) and of Takano and Matayoshi. 6 ) We follow the method by Z.M. and Kondo to determine the arbitrary function uniquely. For simplicity, we discuss only the case where the temperature is very close to Tc. Even in this case, it is very difficult to get the exact solution.
We therefore, consider the case in which /In TK/T/ = /r/ (TK: Kondo temperature) is very large, and solve the problem exactly up to the order of (1/r)S. There are so many methods to treat the Kondo effect. One method is to sum up the most divergent terms in perturbation series and has been carried out by Abrikosov/ 0 ) Daniach
11
) and Kawamura.
)
As an example, we shall show the correspondence to the method of the multi-time Green function by Kawamura in Appendix A.
In § 2, we shall first derive the integral equation determining the spatial variation of the order parameter near Tc in the presence of a single paramagnetic impurity. This equation contains the scattering t-matrix which will be determined in § 3 by using the Z.M. and Kondo methods up to the order of (1/r) 3 for /r/ > 1. In § 4 we shall solve the integral equation for the order parameter by using a method similar to that of Heinrichs. § 2. Formulation
We consider the superconductor containing a magnetic impurity at the origin, and use the double-time Green function, of which equation of motion can be written as
where r 1 and r 3 are Pauli matrices, and Green functions are defined as
The quantities 51 (r) and 3Ji (r) are defined as (</Jr + (0) </Jt (r) S_)
If we introduce the following operator:
Then Eqs. (5) and (6) can be expressed as
The Green function G,,, (r, r') for the pure superconductor with the effective order parameter L1 (r) satisfies the equation ( cv + ~rs + L1 (r) r1) Gro 0 (r, r') =a (r-r').
2m
By using Gro 0 (r, r'), we can rewrite Eqs. (1) and (2) 
J
In this equation, we have used the following notations:
Gro(r, r') = Gro 0 (r, r') + Gro
Next we consider the relations
If we subtract Eq. (18) from Eq. (17), we obtain
w-cu'
By using Eq. (19), Eqs. (15) and (16) lead to
where we have used the following notations:
We can use the above equation in the whole temperature region. However, we are interested only in the behavior of the order parameter .d (r) near the transition temperature Tc, and we can restrict our consideration to the linear term of the order parameter. In order to derive the linearized self-consistent equation for the order parameter .d (r), we consider the 12-component of Eq. (14),
As far as we consider the linear term of .d (r), we can replace the diagonal components by the Green function for the normal state, and expand the off-diagonal Green functions up to the linear terms of Ll (r). From Eqs. (25) and (26) we can obtain the self-consistent equation
where we have defined
(28)
Since we are interested in the variation of the order parameter over the distance much larger than jJp -I, we have neglected the terms oscillating with j.Jp, and we have used the expression for the Green function for !r-r'!·pp)>-1 in F"'(r, r'). § 3. Calculation of the t ( ro )·matrix
To use Z.M's method, we rewrite the t (w)-matrix. Since IS ( ~ ~), we can consistently assume that the t (w )-matrix is use the following identity, following Takano and Matayoshi, 6 ) ±1)(a b)
we obtain
where t (z) and G (z) are defined by t 11 (z) ± t 12 (z) and G (z) 11 ± G (.z) 12 , respectively.
In the following, we consider the case t (z) = t 11 (z) + t 12 (z).
The next step is to determine the Green function for the normal state. If we take Lorentzian form for the state density (33) we obtain (34) where p is the state density at Fermi surface, and D is the band width. F((J)) 
where In(z) is defined by
tr((J)) and ta((J)) are defined by Eq. (32) with G((J)) replaced by Fr((J)) and Fa({))), respectively. Using the simple algebra, we can writetr((J)) andta((J)) as where
J2
Dr,a(z) = 1-4S(S+ 1)G;,a(z) +R(z)
By using the similar argument of Z.M., Eq. ( 43) can be written as
where
In Eq. ( 42), the terms containing In (z) are of higher order with respect to J compared with other terms and may be neglected. Thus, we have the expression of C (z) retaining terms up to linear to L1 (r): 
where zr zr
. Solution of the integral equation for J (r)
To solve the integral equation (27), we introduce an integral operator L (r),
If we denote the second and third terms in Eq. (27) by I and II, respectively, we obtain
where g (n), Y(n) and K 0 (n) are the functions obtained by replacing w by 
n we obtain an equation to determine the transition temperature Tc:
where Teo 1s the transition temperature for the pure state. If we consider the system contammg N magnetic impunt1es we may only multiply z by N, and In Te 0 /Te becomes proportional to the concentration of impurities, as shown in Appendix B.
Using Eq. (57), we get
We now solve Eqs. (58) and (60) by iteration. To do so, we introduce
and we may replace L1 (r) in Eqs. (58) and (60) by Llo as the first approximation. Thus we obtain (65)
where C= (12/(2n)
(e-t/t)dt and ((x) is the (-function.
Equation (65) does not take account of the effect of the spatial variation of J.
We can write down the expression for the transition temperature in which the effect of the spatial variation is taken into account as follows:
In Teo =n If we expand r with respect to y, we obtain
as Z.M. 3 l have obtained. We may rewrite Eq. (68) as r= ~ -(lnl~L-g(n)+ const).
(69)
If we substitute Eq. (69) in Eqs. (65), (66) and (67), and expand them with respect to y, it is seen that Eq. (65) The discussion o£ these results will be given in the next section. § 5.
Conclusion
We have obtained the spatial variation of the order parameter in which the Kondo effect is taken into account. When lrl =ln ITK/TI>1, we include the terms up to the order of (1/rY. In this region, the terms 1/r 2 + 39' (n) /r 3 in Eq. Our consideration in this paper is restricted to the case in which the temperature T is very close to Tc and the distance r is much larger than the coherence length .; 0 • In order to investigate the case of lower temperature, we must generally solve the nonlinear integral equation for the order parameter, which seems very difficult to solve. In the case of shorter distance, on the other hand, we can show in a similar way to that of :Heinrichs that, as long as r is larger than 1/jJp, the spatial variation of the order parameter has the long range spatial oscillations which occur owing to the sharpness of the Fermi surface.
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The arrow -> means that we arrange terms in the direction of the arrow. 
Appendix B
Here we investigate the transition temperature of the superconductors in the presence of a small concentration of impurities, following the method of Tsuzuki
